The effects of either increased pulmonary artery blood flow or pressure on the magnitude of the radius and the dynamic properties of the right pulmonary artery were studied angiographically in 162 patients during cardiac catheterization. Patients were divided into seven groups according to their hemodynamic findings. The right pulmonary artery radius was measured during systole and diastole, from the projected films, at the midpoint between the bifurcation of the main pulmonary artery and the bifurcation of the right pulmonary artery. The mean pulmonary artery radius was increased in patients with either increased pulmonary blood flow or pressure, and in patients with isolated valvular pulmonic stenosis. Both the pressure-strain elastic modulus (stiffness index) and the tension-radius regression were different from normal only in patients with increased pulmonary artery pressure regardless of the pulmonary blood flow. This finding indicates that the pulmonary artery is stiffer in patients with pulmonary hypertension but that its elastic properties are not altered secondarily to increased blood flow. the pulmonary arteries in various congenital heart diseases. However, there are no quantitative data obtained in vivo relating the effects of altered blood flow and pressure on the dynamic properties of the pulmonary artery. This information must be known in order to formulate a realistic model of the pulmonary circulation in man. In addition, changes in pulmonary artery mechanics in various congenital heart diseases may be of interest in defining the pathogenesis of pulmonary obstructive disease. The purpose of this investigation was to evaluate the magnitude of the mean radius and the pressure-radius relationships of the right pulmonary artery both in children with normal pulmonary flow and pressure and in those having various congenital heart diseases with altered pulmonary hemodynamics. 
the pulmonary arteries in various congenital heart diseases. However, there are no quantitative data obtained in vivo relating the effects of altered blood flow and pressure on the dynamic properties of the pulmonary artery. This information must be known in order to formulate a realistic model of the pulmonary circulation in man. In addition, changes in pulmonary artery mechanics in various congenital heart diseases may be of interest in defining the pathogenesis of pulmonary obstructive disease. The purpose of this investigation was to evaluate the magnitude of the mean radius and the pressure-radius relationships of the right pulmonary artery both in children with normal pulmonary flow and pressure and in those having various congenital heart diseases with altered pulmonary hemodynamics. cm) was filmed parallel to the AP tube at the position occupied by the heart. The grid image was used to correct for linear Xray magnification and to evaluate the nonlinear distortion. Since there was no measurable distortion of the grid in the inner three-fourths of the projected image, measurements were limited to this area. The details of this system have been described previously.5
The effect of contrast media injection on the PA pressure was examined in two patients with normal pressure and two patients with pulmonary hypertension. Two catheters were positioned in the pulmonary artery so that pressures could be recorded during the injection of contrast media. Because there was no detectable change in the PA pressure during injection in any of these patients, it was felt that the PA pressure recorded immediately prior to the injection was representative of the pressure existing during filming. To lend further validity to the pressure-radius relation, in these four patients the radius was obtained for each frame for 3 consecutive beats immediately after contrast media injection. Figure  1 shows a simultaneous recording of the right PA radius and pressure for 1 beat in a six-year-old child with high pressure VSD, and demonstrates the marked similarity in contour of these two parameters. Thus, in the remainder of the patients, a single catheter was used for recording PA pressure and for injection of contrast media. Patients having more than a 5 beats/min difference in heart rate between the pressure recording and the cine were excluded from the study.
In evaluating the cineangiographic data, the right pulmonary artery was chosen because of its relatively cylindrical shape and easily identifiable fixed points during both systole and diastole. The right PA radius was measured at the midpoint between the bifurcation of the main PA and the bifurcation of the right PA. The right PA radius was measured at both maximal and minimal sizes for the first 3 consecutive beats after contrast media injection. There was no significant beat-tobeat variation, and the average values of maximum and minimum radius were used for analysis. The mean right PA radius (AR) was computed as the average of minimum and maximum radius values. The change in radius (AR) was the difference between the maximum and minimum radius values. The actual size of the PA was calculated using the correction factor from the grid, as noted above. Mean PA pressure (P) The size of the right PA radius might be affected by either PA pressure or flow, and it should vary with the patient's BSA. In order to account for the size differences, a regression of the mean PA radius (y) and BSA (x) was examined separately for each group. The regression of the radius was significantly different in the normal group (P <0.001) from all the other groups. Figure 2 illustrates the radius versus body surface area regression for each group and demonstrates that for a given BSA the radius is smallest in the normal group. A comparison of low and high pressure VSD patients (groups 3 and 4) revealed that the radius is larger in the high pressure VSD group (P < 0.001). The radius versus BSA regression in the low pressure VSD group was significantly different (P <0.001) from the ASD patients.
It is apparent that some of the variables, particularly those involving PA radius, could autopsy material, and found its diameter to be about the same as the right PA in our patients. However, their measurements were made without a pressure stress and, in addition, the changes secondary to fixing of the tissues must be considered. Thus, the data of De La Cruz et al. cannot be compared to our series. The present study provides the first in vivo quantitative data on the radius of the right pulmonary artery in normal children and in those with congenital heart diseases. The fact that the mean PA radius was increased in patients with either an elevated pulmonary flow (groups 2, 3) or pressure (group 6) indicates the independent effect of increased flow or pressure on the size of the pulmonary artery.
Furthermore, the increased radius found in high pressure VSD patients (group 4) as compared with low pressure VSD patients (group 3) indicates the effect of both flow and pressure. Thus, either an increase in flow or pressure or both will result in an increase in the radius of the pulmonary artery. Of additional interest is the larger radius found in ASD patients as compared with low pressure VSD patients. This finding could not be explained by a difference in the QP/QS ratio or PA pressure because these two variables were not significantly different in the two groups. One can speculate that the difference in radius in the two groups is related to a difference in instantaneous flow profile in the pulmonary artery.
The increased radius in the right pulmonary artery seen in patients with pulmonary steno- These results are not significantly different from ours, and their similarity adds validity to the measurements reported in the present study. The fact that the value of Ep was larger than normal in all patients with increased PA pressure regardless of the pulmonary flow indicates that the increased stiffness of these vessels was pressure-dependent. This is emphasized further by the tension-radius relationships ( fig. 3) , which was only abnormal in patients with elevated PA pressures. These data indicate that the pulmonary artery wall is stiffer and less distensible in patients with pulmonary hypertension than it is in patients with normal PA pressures.
Circulation, Volume XLIlI, April 1971 It is possible that the contrast media might affect the properties of the vascular wall and lead to error in data. In four patients, no change occurred in the PA pressure in the 10 beats following the injection. The PA radius was obtained in the first 3 beats, and no change was noted in either the radius or stiffness index in these beats, indicating that the contrast media did not alter the pulmonary artery dynamics during the period of measurement.
Many factors could be responsible for an increase in stiffness of the vessel wall. An increase in heart ratel'0 12 would decrease the apparent distensibility of the wall. However, the data of Patel'0 and Bergel'2 indicate that in the physiological range of heart rates found in the present study there would be no rate effect on the elasticity of the vessel. Furthermore, the heart rates were similar in the different groups (table 1) .
Peterson et al.6 indicated that physiological variations in the mechanical properties of arteries could be accomplished by neurohumoral influences upon smooth muscles. It is very unlikely that this factor accounts for the differences in our patients since they were studied under similar conditions. Heath et al.2 showed that the PA wall thickness in patients with pulmonary hypertension was nearly double the wall thickness in patients with normal PA pressure (pulmonary stenosis and tetralogy of Fallot). If a similar relation for the wall thickness existed in our patients, then the value of Young's modulus in groups 4 and 6 would be about 1.5 and 2 times the normal group, respectively, indicating that a doubling of wall thickness alone would not explain the increased stiffness in the PA noted in patients with pulmonary hypertension.
It has been shown that the vessel wall becomes progressively stiffer (higher elastic modulus) the more it is stretched.13-17 Thus, the stiffness of the wall in a given vessel depends on its location in the pressure-radius (strain-stress) curve. Although the pressure could not be raised or reduced in these groups of patients to facilitate group comparison at similar pressure ranges, the data indicate that for an equal radius the wall is stiffer in patients with pulmonary hypertension than it is in patients with normal PA pressure. The alteration in pulmonary artery hemodynamics resulted in a decreased distensibility and an increased PA pulse pressure (table 1) , and thus acted as a stimulus to medial hypertrophy as well as irreversible intimal changes in the pulmonary arterioles seen in patients with longstanding pulmonary hypertension.
These data indicate the need for further investigation regarding the relationship between the physical characteristics and histological structure of the PA wall. Of particular interest in this regard will be the time course of changes in PA stiffness indices and wall histology after correction of cardiac defects associated with elevated PA pressure. Answering these questions may lead to a better understanding of the pathogenesis of pulmonary vascular disease.
